In the last few years, the renovation and refurbishment of existing buildings have become the main activities of the construction industry. In particular, many studies have recently focused on the mechanical and energy performances of existing retrofitted/refurbished facilities, while some research has addressed the environmental effects of such operations. The present study aims to assess the environmental impact of some retrofit interventions on an existing reinforced concrete (RC) building. Once the structural requirements have been satisfied and the environmental effects of these retrofit solutions defined, the final purpose of this study is to identify the most environmentally sustainable retrofit strategy. The environmental impact of the structural retrofit options is assessed using a life-cycle assessment (LCA). This paper sets out a systematic approach that can be adopted when choosing the best structural retrofit option in terms of sustainability performance. The final aim of the study is to also provide a tool for researchers and practitioners that reflects a deep understanding of the sustainability aspects of retrofit operations and can be used for future researches or practical activities.
Introduction
In the last few years, several studies have focused on the assessment of global environmental impacts in both developed and developing countries. Global warming, and its different potential effects on the planet, is a consequence of the long-term accumulation of greenhouse gases (CO 2 , CH 4 , N 2 O, etc.) in the higher layer of the atmosphere [1] . Due to this phenomenon, it is important for future generations to give priority to sustainable development in the execution of activities in all sectors, thus preventing damage to the environment.
To achieve the sustainability goal, it is necessary to adopt a multi-disciplinary approach covering a number of features such as: energy saving, better use of materials, reuse of materials and recycling, and control of emissions [2] .
The construction industry has a significant global impact on the environment. In fact, in each country, this sector is one of the major users of energy and natural resources. In Europe, for example, buildings are responsible for almost 30% of national energy consumption, 40% of greenhouse gas emissions and 40% of the consumption of materials [3] [4] [5] .
This means that it is necessary to involve the construction industry when looking to achieve sustainable development.
Some methodological frameworks analyze single or multiple aspects of environmental scenarios that are related to construction activities [6] . These frameworks are contained in national/international standards and legislation, and can be mandatory or voluntary [7] .
Xing et al. [32] , and Užšilaitytea and Martinaitis [33] . The environmental impact of some strengthening solutions, such as the steel jacketing of structural members and the application of fibre-reinforced polymer (FRP) sheets, has been investigated by Moliner et al. [34] , Zhang et al. [35] and Das [36] . Moreover, Rodrigues and Freire [37] , Perini [38] , and Allacker [39] performed life-cycle (LC) analyses to evaluate the impact of different structural options such as flat roofs, wooden floor, and the integration of green roofs in existing buildings.
The decision-making process in a retrofit operation should be regarded as a multi-objective, multi-criteria optimization problem [14, [40] [41] [42] . Indeed, as reported in Juan et al. [43] , the best option should be chosen by considering several matters such as energy consumption, economics, technical and environmental factors, relevant regulations, and social effects, while the overall process of a building retrofit could be divided into three main steps. The first step consists of a structural analysis of a facility to assess capacity and identify the strengthening solution aimed at extending its lifetime. In the second step, these retrofit actions should be evaluated using appropriate criteria (quantitatively expressed by proper indicators), with consideration given to financial, environmental, social and structural factors. Finally, the third step consists of the identification of the optimal retrofit solution. If this approach is adopted, both sustainability and structural requirements are implemented in the design stage of the retrofit.
Generally, designers take only some parameters into account in the decision-making process. These are:
• Costs.
• Structural performance.
• Speed of the installation process.
• Suspension time.
• Feasibility of the maintenance processes.
Designers very rarely consider environmental effects in the decision-making process due to the difficulty of assessing some factors.
Within this context, and according to the approach taken by Juan et al. and Menna et al. [14, 43] , the purpose of this paper is to evaluate different strengthening solutions applied to an RC building located in Italy. In particular, the study analyzes and compares the environmental performances of four retrofit strategies, all of which have an equivalent strengthening effect. These strengthening solutions are: the application of FRP sheets to the surface of the structural elements; the RC jacketing of columns and the application of FRP sheets to the surface of beams and joints; the installation of RC shear walls; and the base isolation of the building. The environmental impact of the retrofit options is examined using an LCA, according to ISO 14040:2006 and ISO 14044:2006 [44,45] .
LCA Methodology
The LCA considers the entire life-cycle of a product, from raw material extraction and acquisition (through energy and material production and manufacturing) to use and end-of-life disposal [44] . Through this systematic approach, the LCA has the opportunity to analyze the environmental impact of a facility during the various life-cycle stages. The LCA methodology is increasingly being applied to the construction industry in order to quantify the environmental effects of the use of energy, CO 2 emissions, the use of renewable and non-renewable resources, and the emission of organic and non-organic compounds into the air, water and soil.
Given these features, an environmental impact assessment in the construction industry using an LCA could be usefully adopted for:
(a) The development of tools and databases related to the impact of products, technologies, systems and processes. (b) The selection of construction products. The goal and scope phase defines the purpose of the study, its application, the products to be used, the system boundaries and the functional unit. The functional unit is an important step that enables alternative products or services to be compared and analyzed; it is not the mere quantification of materials.
The LCI phase is a detailed description of all the environmental inflows (e.g., materials, embodied energy) and outflows (e.g., air, water and solid emissions) at each stage of the life-cycle. So, the LCA practitioner assesses emissions and the consumption of resources in each phase of the product's life-cycle (from "cradle to grave"). Usually in this phase, a work flow diagram of the product or process's entire life-cycle is constructed.
The LCIA phase quantifies all the environmental effects and the resources used. The results of the previous phase are used in the LCIA to evaluate the corresponding environmental impact. According to ISO 14042 [46] , LCI results are classified into impact categories (such as climate change, toxicological stress, noise, land use) and, in some cases, in an aggregated manner (such as years of human life lost due to climate change, carcinogenic effects, noise), each with a category indicator.
There are two assessment methods:
(a) Classical impact assessment (e.g., Centre of Environmental Sciene -Leiden University (CML) [47] and Environmental Design of Industrial Products (EDIP) [48] ), which collects LCI results in so-called midpoint categories. These points are located somewhere in the cause-effect chain between LCI results and the endpoint and limit uncertainties. (b) Damage-oriented approaches such as Eco-indicator 99 [49] or Environmental Priority Strategies EPS [50] , which collect LCI results in endpoint categories, sometimes with high uncertainties.
In the last step, namely the interpretation of the results, the life-cycle phases and the products with the greatest enviromental impact are identified.
Overall, life-cycle interpretations occur at every stage in an LCA. A practitioner will thus be able to determine the best solution after the LCI phase if two product alternatives are compared.
The LCA is a relative approach, which depends on the functional unit chosen. Indeed, the functional unit influences all the inputs and outputs in the LCI stage and, consequently, the results
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The LCA is a relative approach, which depends on the functional unit chosen. Indeed, the functional unit influences all the inputs and outputs in the LCI stage and, consequently, the results of the LCIA.
The depth of detail and the amount of time required for an LCA may vary depending on the accuracy and goal and scope definition. Effectively, there is no a single method for conducting an LCA.
Usually, economic and social factors are beyond the scope of the LCA, but they can be combined with this approach using specific tools for a more detailed analysis. Moreover, there are many other applications to which the LCA can be applied, such as life-cycle management (LCM) [51] , social life-cycle assessment (SLCA) [52] , life-cycle thinking (LCT) [53] , life-cycle costing (LCC) [54] , the risk analysis of facilities, the hazard risk assessment of compounds, and, above all, the environmental impact assessment (EIA) [55] .
In conclusion, there is no a single way to develop an LCA within the decision-making context. LCA practitioners thus have to decide, case by case, by considering several factors such as products, strategy, systems and available tools.
Retrofit Strategies
In a very seismic territory such as Italy, the attention of designers in the last few decades has principally been focused on seismic effects, with the aim being to guarantee an adequate structural performance with the purpose of safeguarding human life. In fact, most existing structures have been designed and built with reference to old building codes, with limited seismic provision. Accordingly, strengthening interventions are necessary to improve the structural capacity of structures in the face of seismic events. Generally, retrofit actions are based on four main strategies: (a) an increase of structural strength and stiffness; (b) an increase of the global energy dissipation capacity; (c) an increase of both structural strength and deformation capacity; and (d) a reduction of the seismic demand.
The selection criteria for strengthening interventions are mainly based on their effectiveness, application time and cost; the environmental impact of the interventions is still a secondary criterion in the final decision. In this research, the LCA methodology described is implemented in a case study of the sustainability of four retrofit options in an existing RC building. In particular, the aim of the study is to compare the environmental impact of materials and processes related to the four options set out above, with a cradle-to-gate system boundary. This system boundary allows a partial assessment that takes into account environmental impacts from the resource extraction to the installation phase.
Design of the Seismic Strengthening Interventions
A building that is assumed to be located in the city of Naples has been chosen as the case study for implementing the procedure illustrated in the previous sections of this paper. The building is an academic example of a typical Italian facility built in the 70s with the old building code and without any seismic prevision. The building has an approximate rectangular shape in terms of the plane configuration and three storeys. The structure is made up of RC frames in two directions and two staircases. The floor plan of the building has dimensions of 48.10 m in one direction and 18.10 m in the other, with a total area of about 870 m 2 ( Figure 2 ). The foundation system is composed of RC footings and connection beams framed in two orthogonal directions. The total height of the building is 10.1 m and it consists of three floors with a storey height of 3.2 m, except for the first floor, which is 3.7 m. The following mechanical properties have been assumed for the materials: the concrete compressive strength f cm = 15 MPa; and the steel tensile strength f ym = 220 MPa. The cast-in-situ RC slabs are 24 cm high and the joist beams are oriented in one direction. The geometrical proprieties of the elements are listed in Table 1 . Table 2 lists the first three vibration modes of the structure and the participating mass of each mode. The non-linear building response was simulated with finite element software (SAP2000; Computers and Structures, Inc., Walnut Creek, CA, USA) using lumped plasticity models of the beams and columns (four hinges for each structural member: top and bottom for both directions). The column and beam plastic hinge models are calculated according to the European Code UNI-EN 1998-3:2005 [56] , as shown in Figure 3 .
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Non-linear static analyses have been carried out for the two plan directions of the structure (X and Y directions) up to its global mechanism. A bilinearization procedure has been performed according to the N2 approach (where N stand for non-linear and 2 for two mathematical models) for each step of the pushover curve [57] . Accordingly, a PGA (Peak Ground Acceleration) value is derived for each step of the curve as the demand intensity that would induce that particular structural response. A severe earthquake with a return period of 475 years has been assumed to be the structural The geometrical proprieties of the elements are listed in Table 1 . Table 2 lists the first three vibration modes of the structure and the participating mass of each mode. The non-linear building response was simulated with finite element software (SAP2000; Computers and Structures, Inc., Walnut Creek, CA, USA) using lumped plasticity models of the beams and columns (four hinges for each structural member: top and bottom for both directions). The column and beam plastic hinge models are calculated according to the European Code UNI-EN 1998-3:2005 [56] , as shown in Figure 3 .
Non-linear static analyses have been carried out for the two plan directions of the structure (X and Y directions) up to its global mechanism. A bilinearization procedure has been performed according to the N2 approach (where N stand for non-linear and 2 for two mathematical models) for each step of the pushover curve [57] . Accordingly, a PGA (Peak Ground Acceleration) value is derived for each step of the curve as the demand intensity that would induce that particular structural response. A severe earthquake with a return period of 475 years has been assumed to be the structural demand, according to the Italian National Building Code [58] . The PGA demand value depends on the site hazard and in the case study is 0.168 g. demand, according to the Italian National Building Code [58] . The PGA demand value depends on the site hazard and in the case study is 0.168 g. The achievement of the first failure mechanism due to stress of a structural member identifies the PGA capacity of the structure, and the ratio between the capacity and the demand in terms of the PGA has been defined as the safety level. In the case study, the non-linear static analyses have shown a very low value of the ratio between seismic capacity and seismic demand for the structure in the original configuration, and retrofit interventions are necessaries. The aim of these interventions is to increase the seismic capacity of the structural members in order to have the first failure mechanism in correspondence of a PGA value higher than the PGA demand [59] .
In order to carry out an analysis of the environmental impact of several strengthening strategies, the performance of the building is improved with the different retrofit options at the same safety level, meaning that the seismic capacity of the structure after the retrofit is equal to the seismic demand imposed by the Italian National Building Code [58] .
The strengthening strategies aim to either increase the ductility, stiffness and strength, or all of them, of the structural elements or to reduce the seismic demand. According to these goals, the following strengthening techniques have been adopted in this case study:
 FRP-based strengthening solution (i.e., shear strengthening of the beam-column joints, columns and beams using FRP sheets to prevent brittle failure mechanisms, and the confinement of columns at the ends by means of FRP wrapping to increase the structural global ductility); this strategy aims to increase the ductility and strength of the structure.  FRP-RC jacketing-based strengthening solution (i.e., RC jacketing of columns to increase the flexural and shear capacity of the members and the shear strengthening of the beam-column joints and beams using FRP sheets. This allows a slight increase in the building's global stiffness that is to be balanced with the local increase in shear capacity in order to prevent brittle failure mechanisms).  Insertion of RC shear wall-based strengthening solution (i.e., insertion of two shear walls in the Y direction to sustain the seismic action); this strategy aims to increase the strength and stiffness of the structure.  Base isolation (i.e., inserting a horizontally flexible and dissipative interface on the first floor of the building, thus significantly reducing the demand rather than increasing the structural capacity). The achievement of the first failure mechanism due to stress of a structural member identifies the PGA capacity of the structure, and the ratio between the capacity and the demand in terms of the PGA has been defined as the safety level. In the case study, the non-linear static analyses have shown a very low value of the ratio between seismic capacity and seismic demand for the structure in the original configuration, and retrofit interventions are necessaries. The aim of these interventions is to increase the seismic capacity of the structural members in order to have the first failure mechanism in correspondence of a PGA value higher than the PGA demand [59] .
FRP-based strengthening solution (i.e., shear strengthening of the beam-column joints, columns and beams using FRP sheets to prevent brittle failure mechanisms, and the confinement of columns at the ends by means of FRP wrapping to increase the structural global ductility); this strategy aims to increase the ductility and strength of the structure. FRP-RC jacketing-based strengthening solution (i.e., RC jacketing of columns to increase the flexural and shear capacity of the members and the shear strengthening of the beam-column joints and beams using FRP sheets. This allows a slight increase in the building's global stiffness that is to be balanced with the local increase in shear capacity in order to prevent brittle failure mechanisms). Insertion of RC shear wall-based strengthening solution (i.e., insertion of two shear walls in the Y direction to sustain the seismic action); this strategy aims to increase the strength and stiffness of the structure.
Base isolation (i.e., inserting a horizontally flexible and dissipative interface on the first floor of the building, thus significantly reducing the demand rather than increasing the structural capacity).
The first method consists of the application of one or more quadriaxial FRP sheets to the surface of the beam-column joint panels and uniaxial FRP sheets onto the beams and columns as shear strengthening.
The second intervention strategy aims to improve the seismic performance of the individual elements, with RC jacketing with a thickness of at least 5 cm or the application of FRP sheets as described above against shear failures. The structure increases its capacity in terms of both stiffness and ductility with these intervention strategies.
The third strategy aims to increase the stiffness of the structure by the insertion of two RC shear walls in the Y direction. Nevertheless, the insertion of the shear walls does not avoid all the brittle crises of the structural members. Quadriaxial and uniaxial FRP sheets are applied to increase the shear capacity of the joints and beams.
The fourth strategy consists of the insertion of rubber bearings and friction isolators between the first and second floors. The structure rests on these devices, which provide sufficient energy dissipation and allow significant relative displacement. The building must achieve a target period (higher than in the as-built configuration) that corresponds to the target spectral acceleration in the inelastic spectra demand. The target spectral acceleration depends on the step of the pushover curve where the first ductile failure occurs. However, the insertion of the isolation devices could not prevent all the brittle failures of the structural members, and limited FRP shear strengthening of the single elements is therefore necessary.
Life-Cycle Assessment of the Strengthening Strategies
The proposed approach, based on the LCA scheme reported in Figure 1 , aims to contribute to the sustainable design of retrofit interventions in the construction sector.
The main hypothesis for this LCA comparative study of the retrofit options is that the different strengthening solutions are designed to achieve the same structural performance in terms of seismic capacity. In fact, as described above, the retrofit strategies applied to the existing structures are designed to increase the structural capacity in order to achieve the same seismic safety level.
The LCA is conducted for each investigated solution, with a cradle-to-gate system boundary, and includes the following phases: extraction and processing of raw materials, manufacturing, and installation of the strengthening system. The other life-cycle phases such as use, maintenance, end of life and transportation are not included in this application case.
Goal and Scope Definition
The goals and scope of this study are to separately assess the environmental impact of the structural retrofit options that are usually applied to existing RC structures. In detail, four strengthening solutions have been taken into account in order to define which strategy is more sustainable and is characterized by the lowest environmental impact.
Following the scheme of the LCA, the strengthening of the entire building, which allows that the PGA capacity is equal to the PGA related to an earthquake of 475 years, has been assumed as the functional unit for the assessment.
Finally, the system boundary adopted in this study includes the following three phases:
(a) Materials production phase (extraction and production of the materials and construction phases).
(b) Preparation phase (building demolition, material disposal and transport). (c) Installation phase (application of the technique).
For the demolition operations needed for the installation of the systems, it is assumed that the waste materials are sent to a landfill site and/or an incinerator, and that the demolition of the partitions is carried out using manual operations and electrical equipment in order to avoid both further brick damage and compromising the integrity of the wall. All the processes and materials included in the three phases in the system boundary are explained in detail in Table 3 . 
Inventory Analysis (LCI)
In this phase, primary data have been used to model the production of carbon FRP sheets and rubber-bearing isolators while secondary data have been retrieved from databases available in the SimaPro 7.3 LCA software package (PRé Consultants, Amersfoort, The Netherlands). SimaPro is an efficient tool (also used for the LCIA phase) that is useful for collecting sustainability data and analyzing and monitoring the sustainability performance of products/services. In the application case, secondary data taken from the Ecoinvent 2.2 database [60] have been used to assess the environmental impacts of building materials, the use of building equipment, transport operations and electricity. This is a broad environmental database that includes compositions, production processes, the disposal scenarios for most of the existing materials, industrial processes and construction materials.
The design of the retrofit interventions have been carried out according the structural requirements reported in Italian building codes, thus the amount of data related to the material and the processes involved in each strengthening option (including equipment/machinery use) are based on the design process. [59, 61] .
Furthermore, some assumptions have been made regarding the transport phase:
•
The distance between the construction and landfill sites is assumed to be 20 km.
The material-supplying site is located 5 km from the construction site.
The transport of the building materials from/to the construction site is assumed to be carried out by a lorry (EURO3).
Impact Assessment (LCIA)
The LCIA assesses the environmental impact of the strengthening strategies. This phase has been carried out using the Impact 2002+ approach.
The IMPACT 2002+ LCIA methodology is a combined approach that links midpoints and damage categories, as shown in Figure 4 [62] . In particular, it links life-cycle inventory result to four damage categories via 14 midpoint categories (human toxicity, respiratory effects, ionizing radiation, ozone layer depletion, photochemical oxidation, aquatic ecotoxicity, terrestrial ecotoxicity, terrestrial acidification/nutrification, aquatic acidification, aquatic eutrophication, land occupation, global warming, non-renewable energy, mineral extraction). These four categories are described as follows:
• 
The IMPACT 2002+ LCIA methodology is a combined approach that links midpoints and damage categories, as shown in Figure 4 [62] . In particular, it links life-cycle inventory result to four damage categories via 14 midpoint categories (human toxicity, respiratory effects, ionizing radiation, ozone layer depletion, photochemical oxidation, aquatic ecotoxicity, terrestrial ecotoxicity, terrestrial acidification/nutrification, aquatic acidification, aquatic eutrophication, land occupation, global warming, non-renewable energy, mineral extraction). These four categories are described as follows: All the midpoint scores are expressed in units of a reference substance and related to the four damage categories, as listed in Table 4 .
The assessed environmental effects are shown in terms of the damage categories for each lifecycle phase of the four strengthening strategies. The four damage categories have different damage units (as reported in Table 4 ) and need to be normalized in order to analyze the respective share of each impact to the overall damage. The impact values are divided by the maximum value achieved among the four options for each category and are plotted in percentages in order to effectively illustrate the building's environmental performance comparison. All the midpoint scores are expressed in units of a reference substance and related to the four damage categories, as listed in Table 4 . The assessed environmental effects are shown in terms of the damage categories for each life-cycle phase of the four strengthening strategies. The four damage categories have different damage units (as reported in Table 4 ) and need to be normalized in order to analyze the respective share of each impact to the overall damage. The impact values are divided by the maximum value achieved among the four options for each category and are plotted in percentages in order to effectively illustrate the building's environmental performance comparison.
The first set of figures report for each strategy the contribution of different phases to that strategy. Figure 5 shows the LCIA of the carbon FRP solution. The preparation phase makes the highest contribution to ecosystem quality, while the materials and production phase has the greatest impact on human health, climate change and resources. The first set of figures report for each strategy the contribution of different phases to that strategy. Figure 5 shows the LCIA of the carbon FRP solution. The preparation phase makes the highest contribution to ecosystem quality, while the materials and production phase has the greatest impact on human health, climate change and resources. The environmental results following the RC jacketing of the columns are reported in Figure 6 . The material and production phase has the greatest environmental impact, with effects due to this phase accounting for almost 50% of the total burden in almost all the damage categories. The environmental results following the RC jacketing of the columns are reported in Figure 6 . The material and production phase has the greatest environmental impact, with effects due to this phase accounting for almost 50% of the total burden in almost all the damage categories. Figure 7 shows the LCIA related to the construction of shear walls to be inserted as new structural elements in the existing building. For this strengthening technique, the environmental results reveal that the material and production phase ranges between 90% and 95% of the total impact. These environmental effects are due to the amount of concrete and longitudinal steel reinforcement carried out. Figure 8 displays the environmental results related to the isolation strategy. In this strengthening solution, the greatest contribution to ecosystem quality is made by the material production phase, while the installation phase has the most impact on human health, climate change and resources 0. Figure 7 shows the LCIA related to the construction of shear walls to be inserted as new structural elements in the existing building. For this strengthening technique, the environmental results reveal that the material and production phase ranges between 90% and 95% of the total impact. These environmental effects are due to the amount of concrete and longitudinal steel reinforcement carried out. Figure 7 shows the LCIA related to the construction of shear walls to be inserted as new structural elements in the existing building. For this strengthening technique, the environmental results reveal that the material and production phase ranges between 90% and 95% of the total impact. These environmental effects are due to the amount of concrete and longitudinal steel reinforcement carried out. For the second and third strategies, where two different techniques are applied, Figure 9 shows the contribution of each system to that strategy. The results show that in the second retrofit strategy, the carbon FRP has the greatest impact in all the damage categories, while in the third strengthening solution the shear walls are responsible for the highest environmental impact.
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Discussion
A comparative LCA has been conducted to assess the environmental performance of the four retrofit strategies, which are designed to improve the performance of the building at the same level. Figure 10 sets out the aggregated results of the LCA over all the phases in terms of the damage categories. It can be seen that the major environmental load is related to the shear wall strengthening solution. In particular, the shear wall strategy has the highest environmental burden in terms of human health, ecosystem quality and climate change. The FRP solution has the greatest impact in the resources category; this is related to the amount of resources involved in the extraction of carbon fibre and epoxy resin.
Finally, the isolation strategy has the lowest impact on all the damage categories. Data obtained from these environmental analyses are related to this case study alone and cannot be extended to other scenarios. In fact, the environmental impact depends on several factors such as the vulnerability of the facility, the seismic hazard of the building site and the databases used.
Overall, it is important to highlight that this kind of result raises the awareness of designers with respect to what is the most environmentally sustainable retrofit strategy. In the decision-making process concerning the strengthening interventions, other criteria have to be taken into account, such as costs and the social impact. This means that the best solution from an environmental point of view may not be the retrofit strategy adopted by practitioners.
Conclusions
This study assesses the environmental sustainability of materials and processes related to retrofit strategies for existing structures. Renovation, modernization and the refurbishment of existing buildings are becoming the main activities in the construction industry. Along with the advantages of the seismic retrofit strategy in terms of structural performance, the environmental impact should also be analyzed.
In such a scenario, the present work aims to evaluate the environmental impact related to seismic retrofit strategies for existing RC buildings. In particular, once the structural requirements are satisfied, the study analyzes and compares the environmental performances of four retrofit strategies, with the purpose being to identify the most environmentally suitable retrofit approach. These strengthening solutions are: the application of FRP sheets to the surface of structural elements; the RC jacketing of columns and the application of FRP sheets to the surface of beams and joints; building two RC shear walls; and base isolation of the building. In order to carry out a comparison of the strengthening strategies, the performance of the building is improved at the same level with the different retrofit options.
The environmental impact of the structural retrofit options is assessed using an LCA. An LCA is an essential tool for assessing, evaluating, comparing and improving materials and processes in terms of their potential environmental impact. A cradle-to-gate system boundary is considered in this 0. It can be seen that the major environmental load is related to the shear wall strengthening solution. In particular, the shear wall strategy has the highest environmental burden in terms of human health, ecosystem quality and climate change. The FRP solution has the greatest impact in the resources category; this is related to the amount of resources involved in the extraction of carbon fibre and epoxy resin.
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Conclusions
The environmental impact of the structural retrofit options is assessed using an LCA. An LCA is an essential tool for assessing, evaluating, comparing and improving materials and processes in terms of their potential environmental impact. A cradle-to-gate system boundary is considered in this study for each retrofit solution and analyses are carried out using the SimaPro software, which is an efficient tool for collecting sustainability data and analyzing and monitoring the sustainability performance of products and processes. The IMPACT2002+ methodology has been used to assess the environmental impact of the straightening processes.
When considering the four damage categories of IMPACT2002+, the shear walls strengthening strategy has the highest environmental burden in terms of human health, ecosystem quality and climate change, while the FRP retrofit option has the greatest impact in the resources category. In contrast, according to the Damage Categories results, the isolation strategy has the lowest impact for all the damage categories, providing the widest benefits.
As a final remark, it is important to highlight that the environmental impact obtained is strictly dependent on the case study considered. The vulnerability of a facility and the seismic hazard of a building site significantly influence the results. The environmental outcomes also depend on the databases that practitioners use, the accuracy of the LCA and the system boundary. In our example, our study could be run with a system boundary which includes the end of life and recycling phases. Moreover, this kind of result only makes designers aware of what is the most environmentally sustainable retrofit strategy. In the final decision on the various strengthening interventions, other criteria have to be considered such as costs and social impact, meaning that the best solution from an environmental point of view may not be the retrofit strategy adopted.
Overall, this paper sets out a systematic approach that can be used in further research or practical activities to choose the best structural retrofit option in terms of sustainability performance. The final aim of this study is to also provide a tool that can be used to monitor and control the sustainability of retrofit operations involving existing RC structures.
